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A multiplex reverse transcription-PCR method was optimized to monitor the duration of excretion of Sabin
poliovirus strains in stools of vaccinees following administration of the first dose of the trivalent oral vaccine.
The assay detected approximately 1 50% tissue culture infective dose of each poliovirus serotype spiked into cell
culture media. Although PCR inhibitors were frequently encountered in the stool specimens, a 1:20 dilution of
the extracted RNA was sufficient to obtain a positive PCR result. Analysis of 195 stool specimens collected from
26 vaccinees showed that poliovirus types 1, 2, and 3 were identified more frequently by PCR than by tissue
culture isolation. The percentages of specimens positive by PCR for poliovirus types 1, 2, and 3 were 67.2, 82.6,
and 53.8, respectively. In contrast, the culture method identified types 1, 2, and 3 virus in 55.4, 64.1, and 27.7%
of the samples, respectively. Poliovirus type 2 excretion was detected by PCR in practically all of the oral
poliovirus vaccine recipients for 4 to 8 weeks following vaccination. In contrast, excretion of type 1 and 3 viruses
was more variable, with a range of 1 to 8 weeks. Shedding of type 3 virus ceased in ;70% of vaccinees within
a week after immunization. In addition to an enhanced sensitivity for the detection of poliovirus, this PCR
method permits the direct characterization of virus in stool specimens without further passage in culture,
which may select for genetic variants that may not accurately reflect the virus composition in the original
specimen.

The live trivalent oral poliovirus (PV) vaccine (OPV) de-
rived from the attenuated Sabin PV strains has been proven to
be safe and efficacious in preventing the transmission of wild-
type PV, resulting in the elimination of practically all cases of
poliomyelitis in the United States (34). Despite the over-
whelming success of the live PV vaccine in reducing morbidity
and mortality, an average of eight cases of vaccine-associated
paralytic poliomyelitis (VAPP) were reported each year be-
tween 1980 and 1994 in the United States (28). Type 2 and 3
PVs have been implicated in 90% of VAPP cases. It is well
documented that the Sabin OPV strains undergo genetic
changes upon replication in the gut of the vaccine recipient
(for a review, see reference 13). In some instances, the genetic
change is a reversion in the nucleotide sequence to that found
in the wild-type progenitor. One of the best-characterized at-
tenuating mutations in the Sabin strains is located in the 59
noncoding region (59 NCR) (for a review, see reference 20).
The link between reversion at this locus in virus shed from
vaccinees and VAPP is not clear. Reversion of the attenuated
nucleotide in the 59 NCR has been identified in type 1 (14, 27),
type 2 (19), and type 3 (12) PV strains (PV1, PV2, and PV3,
respectively) isolated from patients with VAPP. In contrast,
vaccine-like viruses exhibiting the reverted 59 NCR nucleotide

are routinely recovered from stools from healthy vaccinees
who do not develop paralytic disease (3, 7, 10, 35).

As the sole manufacturer of OPV in the United States,
investigators at Wyeth-Lederle Vaccines and Pediatrics are
interested in the duration of shedding and genetic character-
ization of vaccine-related viruses shed in the stools of infants
that have been fed OPV. Currently, the identification and
characterization of PV in stool specimens collected from OPV
vaccinees rely on virus isolation in susceptible tissue culture
cells (23). A second culture step in which virus is neutralized in
the presence of serotype-specific antiserum pools is usually
required to identify the serotypes of the viral isolates. A draw-
back of the culture method is that amplification in culture may
select for a virus whose genetic composition is not represen-
tative of that of the virus in the original stool specimen. An-
other disadvantage of the culture method is that it can take
anywhere from 1 to 3 weeks to obtain a result. We wanted to
use a rapid reverse transcription (RT)-PCR method to identify
PV serotypes directly in stool samples collected from OPV
recipients enrolled in an ongoing vaccine study. Most of the
RT-PCR assays in use at the time that our study began used
conserved 59 NCR primers that are generic for all members of
the enterovirus genus or that do not differentiate PVs (1, 4, 15,
30, 41). PCR assays that distinguish PV from non-PV entero-
viruses (2, 11, 26) and that differentiate Sabin and wild-type PV
strains (32) have been reported, but most of these methods rely
on a tissue culture step.

A multiplex RT-PCR method that allows the simultaneous
identification of Sabin PV1, PV2, and PV3 vaccine strains in a
single reaction has been reported (39). Contemporary wild-
type PV strains are not detected. The PCR primers map to the
region of the PV genome encoding the amino terminus of the
VP1 capsid protein just upstream of the major antigenic site.
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Nucleotide sequence heterogeneity in this region among the
three Sabin PV serotypes allows discrimination. The PCR as-
say was reported to be highly sensitive for the detection of
purified Sabin viral RNA, but when this assay was applied to
the detection of PV directly in clinical specimens, 21% of the
culture-positive samples produced a negative PCR result. This
outcome was attributed in part to the components of some
stool samples that inhibit PCR amplification. We chose to
optimize this PCR assay for the direct detection of vaccine-
related PV in stool specimens and to implement it to monitor
the duration of PV excretion in first-dose OPV recipients who
were participants in an ongoing vaccine study. In this report,
we describe assay modifications that significantly improved the
detection of PV in stool samples known to contain PCR inhib-
itors. A comparative analysis of stool samples collected from
first-dose OPV recipients over 8 weeks revealed that PCR was
more sensitive than culture for the detection of PV1, PV2, and
PV3. The enhanced sensitivity of detection of PV in stool
specimens, coupled with a rapid time to the retrieval of assay
results, makes this RT-PCR method an attractive alternative to
culture for the identification of Sabin-related PV vaccine
strains in stool specimens.

MATERIALS AND METHODS

Study population and specimen collection. Subjects consisted of infants from
an ongoing PV vaccine study. Twenty-two infants received their first dose of
OPV (Orimune; Lederle Laboratories, Pearl River, N.Y.) at age 2 months and
seven infants received OPV at age 5 months. The OPV contained 106.0 to 107.0,
105.1 to 106.1, and 105.8 to 106.8 50% tissue culture infective doses (TCID50s) of
Sabin PV1, PV2, and PV3 per dose, respectively. Two stool specimens, one for
culture and the other for PCR analysis, were collected in fecalyzer units (Evsco
Pharmaceuticals, Buena, N.J.). Stool specimens were obtained from the study
subjects before (day 0) and on days 1, 2, 3, 4, 7, 14, 21, 28, 42, and 56 following
OPV administration. The specimens were kept frozen until processing. Approx-
imately 260 stool specimens from 29 vaccinees were available for testing, but not
all of the specimens met the criteria for inclusion in the analyses whose results
are presented in Tables 3 and 4.

Viruses. The Sabin type 1, 2, and 3 strains used for preparation of positive
controls for the RT-PCR assay and the spiked medium samples used for deter-
mination of PCR and culture assay sensitivities were obtained from monovalent
pools of PV used in the manufacture of the Orimune vaccine. Viral RNA for
PCR analysis was extracted from this material as described below for the stool
samples.

Stool sample preparation for culture. A 10% (wt/wt) suspension of the stool
specimen was prepared in tissue culture medium and was clarified by centrifu-
gation at 3,000 3 g at 4°C for 10 min. The supernatant was filtered through
0.2-mm-pore-size Millex GV filters (Millipore Inc., Bedford, Mass.). Stool sam-
ples weighing less than 0.1 g were resuspended in 2 ml of medium and were
processed as described above.

Culture isolation and identification of PV in stool samples. PV was isolated
and typed in Vero cells by a single culture amplification step which differs from
the conventional culture method that relies on two amplification steps: the first
to obtain a virus isolate and the second to determine the serotype of the isolate.
The type of PV isolated was identified by the method of Lim and Benyesh-

Melnick (18) and Melnick (22). Polyclonal horse antisera specific to either Sabin
PV1, Sabin PV2, or Sabin PV3 were mixed in the following combinations:
anti-PV1 plus anti-PV2, anti-PV1 plus anti-PV3 anti-PV2 plus anti-PV3, and
anti-PV1 plus anti-PV2 plus anti-PV3. Prior to mixing, the individual sera were
diluted so that they contained 20 times the amount of antibody required to
neutralize 100 TCID50s of virus. At this concentration, the antisera did not
exhibit cross-neutralizing activity. Fifty microliters of each of the four antiserum
pools was mixed with a 50-ml aliquot of fivefold dilutions ranging from 1020.5 to
1025.0 of the filtered stool suspension, and the mixtures were plated in triplicate
in a 96-well tissue culture plate. The virus and serum mixtures were incubated at
37°C for 2 h. Vero cells (104/well) were added to the wells, and the plates were
incubated at 33.5°C. The plates were observed daily for a cytopathic effect. When
a cytopathic effect was observed in the presence of the pool of anti-PV2 plus
anti-PV3, the virus was identified as PV1. Similarly, PV2 was identified from
wells containing a pool of anti-PV1 plus anti-PV3, and PV3 was identified from
wells containing a pool of anti-PV1 plus anti-PV2. Non-PV, if present, could be
identified from wells containing the pool of anti-PV1, anti-PV2, and anti-PV3.
Sufficient antisera were available to neutralize all the virus of a specific type
present in the sample, as evidenced by the lack of virus breakthrough in any of
the samples incubated in the presence of antisera to all three PV serotypes.
Results were usually apparent on day 3 or 4. Final readings were made on days
7 to 10. The TCID50s per gram of stool were calculated by the Reed-Muench
method (17).

Preparation of stool and virus-spiked samples for RT-PCR. A 10% (wt/wt)
suspension of the stool specimen was prepared in tissue culture medium. Stool
samples weighing less than 0.2 g were suspended in a minimum volume of 2 ml.
The specimen was clarified by centrifugation at 3,200 3 g at 4°C for 15 min. An
aliquot of the supernatant was subjected to a high-speed centrifugation at
16,000 3 g at 4°C for 15 min to remove residual debris. A total of 400 ml of the
supernatant was treated with 100 ml of 53 lysis buffer (2.5% sodium dodecyl
sulfate, 100 mM Tris [pH 7.5], 25 mM EDTA, 100 mM NaCl, 0.5 mg of pro-
teinase K per ml) at 56°C for 30 min. The sample was extracted with an equal
volume of phenol-chloroform-isoamyl alcohol (25:24:1; pH 5.2). Sodium acetate
(pH 5.2) was added to 0.25 M, and the RNA was precipitated with 2 volumes of
ethanol and collected by centrifugation. The RNA pellet was rinsed with 70%
ethanol, air dried, and resuspended in 50 ml of sterile, RNase-free water. A 1:20
dilution of the RNA was prepared, and 10 ml of the undiluted sample and 10 ml
of the diluted sample were amplified by RT-PCR. Virus-spiked samples contain-
ing known amounts of Sabin type 1, 2, and 3 viruses were prepared in tissue
culture medium to determine the sensitivity of the RT-PCR assay for PV detec-
tion. These samples were not subjected to the clarification steps used for stool
specimens, but the remaining processing steps were identical. Each time that a
series of stool specimens from an OPV recipient was processed, two virus-
negative tissue culture medium controls were interspersed within the series and
were processed in parallel to monitor for contamination due to previously am-
plified PCR products or sample cross contamination.

Direct identification of PV in stool samples by RT-PCR. (i) RT-PCR primers
and probes. The primers for RT-PCR and the probes for the detection of Sabin
virus PCR products were modified from those described previously (39, 40). The
oligonucleotide sequences and their genome nucleotide positions are presented
in Table 1. There are three primer pairs consisting of a forward (F) and a reverse
(R) primer that are specific for each Sabin virus serotype and a corresponding
antisense detection probe (P). PCR primers amplified 97-, 78-, and 53-bp prod-
ucts for Sabin type 1, 2, and 3 viruses, respectively. High-pressure liquid chro-
matography-purified oligonucleotides were obtained from Bio-Synthesis, Inc.
(Lewisville, Tex.) and were reconstituted in RNase-free water.

(ii) RT and PCR amplification. RT and PCR were performed in a single step
with a buffer compatible with both enzymatic reactions as described previously,
(39, 40), with modifications. A total of 10 ml of sample RNA that was denatured

TABLE 1. Primers and probes used to determine Sabin PV serotype identity by RT-PCRa

Designationb Map positionc Sequence (59 to 39) Specificity

S1F 2485–2503 AGGTCAGATGCTTGAAAGC Sabin PV1
S1R 2564–2581 TCCACTGGCTTCAGTGTT
S1-P 2515–2545 CGTTGCCGCCCCCACCGTTTCACGGACTGTG

S2F 2507–2526 CCGTTGAAGGGATTACTAAA Sabin PV2
S2R-1B 2567–2584 GACCGCTCGGCTTGTGTC
S2-P 2529–2559 GCTATTGGTGGAAGTCGGGGGAACCAATGCA

S3F 2508–2524 AGGGCGCCCTAACTTTG Sabin PV3
S3R-1B 2542–2560 AGTATCAGGTAAGCTATCC
S3-PT 2522–2545 ATCCTGTTGCTTCGGGAGTGACAA

a S2R-1B and S3-PT are described in this report; all other sequences were described previously (39, 40).
b F, forward; R, reverse; P, probe.
c Genomic nucleotide numbering is based on previously published sequences for Sabin PV1 (24), Sabin PV2 (36), and Sabin PV3 (33).
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at 95°C for 3 min and snap-cooled on ice was amplified in a 100-ml multiplex
reaction mixture consisting of 50 mM Tris (pH 8.8 at 25°C), 70 mM KCl, 5 mM
MgCl2, 10 mM dithiothreitol, 0.2 mM each dGTP, dATP, dCTP, and dTTP, 20
pmol of each Sabin serotype primer (S1F-S1R, S2F–S2R-1B, S3F–S3R-1B), 10 U
of human placental RNase inhibitor (Boehringer Mannheim, Indianapolis, Ind.),
5 U of avian myeloblastosis virus reverse transcriptase (Promega, Madison,
Wis.), and 2.5 U of AmpliTaq DNA polymerase (Perkin-Elmer, Branchburg,
N.J.).

RT was performed at 42°C for 30 min, followed by heat inactivation of the
reverse transcriptase enzyme at 95°C for 3 min. PCR was performed in a Perkin-
Elmer DNA thermal cycler 480 for 35 cycles by using a touchdown protocol (9):
denaturation at 94°C for 45 s, annealing for 45 s at 62°C and stepping down in
1°C increments to 58°C, and extension at 72°C for 1 min (an extra 9 min at 72°C
was used after the final cycle). Two cycles were run at each annealing temper-
ature from 62 to 59°C, and the remaining 27 cycles were run at an annealing
temperature of 58°C. A typical thermal cycler run was completed in 3.5 h.

(iii) Detection of RT-PCR products by solution hybridization with radiola-
beled probes. A total of 20 pmol of each of the antisense oligonucleotide probes
S1-P, S2-P, and S3-PT specific for Sabin PV1, Sabin PV2, and Sabin PV3,
respectively, was 59 end labeled with [g-32P]ATP (specific activity, 3,000 Ci/
mmol; Amersham, Arlington Heights, Ill.) and polynucleotide kinase (Boehr-
inger Mannheim) according to the enzyme manufacturer’s instructions. Unin-
corporated radioactivity was removed by centrifugation of the labeling reaction
mixture through a Bio-spin 6 column (Bio-Rad Laboratories, Hercules, Calif.)
according to the manufacturer’s instructions. Probes were diluted in 66 mM
NaCl–44 mM EDTA (pH 8), and 10 ml containing 105 cpm per serotype probe
was added to 10 ml of undiluted PCR product for solution hybridization as
described previously (39), with modifications. Samples were denatured at 95°C
for 5 min and annealed at 57°C for 30 min. The hybrids were electrophoresed on
a nondenaturing 15% polyacrylamide gel (acrylamide to bis-acrylamide at 29:1;
17 by 15 by 0.08 cm) run with TBE (89 mM Tris-borate, 2 mM EDTA [pH 8.3]).
Autoradiography of the wet gel was performed with Hyperfilm MP (Amersham)
and intensifying screens at 270°C for 0.5 to 2 h.

RESULTS

Optimization of stool sample preparation to remove inhib-
itors of RT-PCR. Although the first two available stool series
collected from OPV recipients did not inhibit PCR amplifica-
tion or hybridization detection, the stool samples from the next
few OPV recipients that we analyzed showed significant inhi-
bition. This was not surprising since numerous reports have
described inhibitors in stool specimens which interfere with
PCR assays for the detection of group A rotavirus (38), Nor-
walk virus (8, 16), and Salmonella strains (37). Each series of
stool specimens was evaluated for inhibition by spiking undi-
luted and diluted extracts from the day 0 prevaccination sam-
ple with a Sabin PV strain RNA control and amplifying the
sample along with an unspiked extract and control by RT-PCR.
If no PV PCR products were detected in the undiluted spiked
sample, the stool specimen was considered to be inhibitory. A
number of reagents that are reported to remove stool inhibi-
tors were tested, including Chelex-100 (Bio-Rad) metal che-
lating resin, the cationic detergent cetyltrimethylammonium
bromide (16, 31), and Trizol LS (Life Technologies, Grand
Island, N.Y.), which is a solution of phenol-guanidine isothio-
cyanate, but none of these proved to be adequately effective.
Dilution of the RNA extracted from the stool specimens was
also investigated. A twofold dilution series (1:5 to 1:80) of an
inhibitory prevaccination virus-negative extract collected from
a stool specimen from vaccinee M was spiked with 104 TCID50
equivalents of Sabin type 1, 2, and 3 PV RNA and amplified by
RT-PCR. The results of solution hybridization detection of the
PCR products with probe annealing at 62°C are presented in
Fig. 1A. The undiluted extract (lane 1) did not generate any
Sabin PV hybridization signals. Sabin PV1 and PV3 signals
were recovered with a 1:5 dilution (lane 2), but detection of the
Sabin PV2 signal required at least a 1:20 dilution of the extract
(lane 4). Dilution beyond 1:20 (lanes 5 and 6) resulted in an
enhanced Sabin PV2 signal.

The RT-PCR products that were analyzed by the oligomer
hybridization (OH) assay (Fig. 1A, lanes 1 to 5) were electro-

phoresed in a polyacrylamide gel and stained with ethidium
bromide (Fig. 1B) to determine if the Sabin PV2 signal inhi-
bition was at the level of RT-PCR amplification or hybridiza-
tion. The undiluted extract (Fig. 1B, lane 1) did not support
amplification of the viral RNA of any Sabin serotype. Surpris-
ingly, all diluted extracts tested (lanes 2 to 5) showed compa-
rable amounts of the 78-bp Sabin PV2 PCR product. These
data indicated that the extract of the stool specimen obtained
from vaccinee M before vaccination contained inhibitors of
RT-PCR amplification as well as hybridization detection. It
should be noted that inhibitory stool samples from vaccinee M
collected after vaccination with OPV as well as those collected
from some of the other OPV recipients included in this study
showed similar levels of production of Sabin PV2 PCR prod-
uct, but for these samples there was inefficient product detec-
tion by hybridization. In contrast, some stool samples (from
vaccinee W) did not contain inhibitory substances and gener-
ated strong PV2 signals in the OH assay (Fig. 1A, lane 8) under
the assay conditions.

Undiluted extracts from postvaccination series of stool spec-
imens that were collected from additional subjects and that
were inhibitory to the RT-PCR were diluted 1:20 and tested by
the RT-PCR assay. The 1:20 dilution was chosen because it
was the dilution that resulted in the recovery of the PV2 signal
in the OH assay (Fig. 1A, lane 4). For all samples, the 1:20
dilution led to the detection of additional PV PCR-positive
stool samples that would have been missed if only the undi-
luted stool extracts were analyzed. Taking into consideration
the fact that assay sensitivity may be compromised if diluted
material is tested, the PCR method was modified to include
tests of both undiluted and 1:20-diluted stool extracts to max-
imize the sensitivity of virus detection.

OH assay optimization to improve PV2 detection from in-
hibitory stool specimens. Inefficient detection of PV2 from
inhibitory stool specimens suggested that the conditions used
for hybridization, such as the temperature of probe annealing
and the molarity of the salt in the probe diluent, may not be
optimal for these samples. Since stool sample composition is
variable, one can envision that specimen-associated salts, met-
als, or proteins that are carried over into the hybridization
reaction mixture may create suboptimal conditions. The hy-
bridization protocol (39) specified a probe annealing temper-
ature of 62°C. The results obtained with a 5°C drop in the

FIG. 1. Recovery of Sabin virus RT-PCR signals by dilution of an inhibitory
extract of stool from vaccinee M. PV PCR products, indicated by arrowheads,
were detected by OH assay with a cocktail of 32P-labeled Sabin serotype-specific
probes (A) and for a subset of samples from panel A by ethidium bromide
staining of products electrophoresed in a 15% polyacrylamide gel (B). (A and B)
Lanes: 1, Undiluted stool; 2, 1:5 dilution; 3, 1:10 dilution; 4, 1:20 dilution; 5, 1:40
dilution. (A) Lanes: NC, no RNA template negative control; 6, stool diluted 1:80;
7, no stool extract; 8, positive control extract from OPV vaccinee W. Arrows
identify unhybridized probes at the bottom of panel A.
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annealing temperature of the Sabin 2 probe (S2-P) to 57°C
were compared to those obtained at 62°C with a series of
RT-PCR products derived from inhibitory and noninhibitory
stool specimens as well as Sabin virus-spiked medium controls.
Lowering of the annealing temperature had a dramatic effect
on the detection of PV2 products in the OH assay, as shown in
Fig. 2. Inhibitory stool samples that were not detected at 62°C
(lanes 6, 7, and 9) were detected at 57°C (lanes 1, 2, and 4). A
52°C annealing temperature was also tested, but the hybridiza-
tion background increased with no significant enhancement in
the sensitivity of PV detection over that observed at 57°C. The
use of 57°C as the annealing temperature for the Sabin sero-
type-specific probes resulted in enhanced detection of PV2
without compromising the detection of PV1 and PV3. The PV
serotype specificities of the probes were confirmed at the op-
timized 57°C annealing temperature (data not shown). It
should be noted that computer-predicted melting tempera-
tures for the S1-P, S2-P, and S3-PT probes were 66, 61, and
52°C, respectively.

Sensitivity of RT-PCR versus that of culture for PV detec-
tion in virus-spiked samples. The sensitivity of RT-PCR versus
that of culture for the detection of PV was evaluated (Table 2)
Serial fivefold dilutions of Sabin PV1, PV2, and PV3 were
spiked in tissue culture medium (20 to 12,500 TCID50s/ml per
serotype), and aliquots were analyzed by culture and PCR as
described in Materials and Methods. Undiluted samples were
tested by both methods to maximize the potential for virus
detection. Note that the culture method evaluated approxi-
mately a twofold greater volume of each spiked sample than
was amplified by RT-PCR. As indicated in Table 2, the dilution
containing the least amount of Sabin PV (20 TCID50s/ml) was
positive by RT-PCR but was negative by culture. Taking into
account the difference in the proportion of sample tested by

the methods, in the absence of stool extract, RT-PCR was 5- to
10-fold more sensitive than culture for PV detection. This
sensitivity reflects a best-case situation that probably would not
be duplicated with stool specimens due to the presence of
substances that inhibit RT-PCR or that are toxic to tissue
culture.

Sensitivity of RT-PCR versus that of culture for PV detec-
tion in stool specimens from OPV recipients. A total of 195
stool samples collected from 26 vaccinees that yielded data by
both the RT-PCR and the culture methods were included to
assess PV detection sensitivity. The proportions of PV1-, PV2-,
and PV3-positive specimens and virus-negative specimens by
the two methods are presented in Table 3. Note that a single
stool sample may be positive for multiple PV serotypes. RT-
PCR detected more PV-positive specimens than culture, and
this was the case for each PV serotype. The RT-PCR method
identified 12% more PV1-positive samples and 18% more
PV2-positive samples than culture. Most striking, twice as
many specimens were positive for PV3 by RT-PCR than by
culture. In addition, a higher proportion of specimens that
were negative for PV of any serotype was identified by culture
(25.6%) than by RT-PCR (10.3%). All three PV serotypes in a
single specimen were identified in 42.6% of the specimens by
RT-PCR but only 24.1% of the specimens by culture. RT-PCR
was more efficient in identifying multiple PV serotypes.

A total of 35, 41, and 58 stool samples were culture negative
and PCR positive for PV1, PV2, and PV3, respectively. Results
for a single stool specimen could be discrepant for one or more
PV serotypes. This large number of discrepant results was not
surprising since RT-PCR was more sensitive than culture for
the detection of PV in stool specimens (Table 3). It is highly
improbable that these discrepant results represent false-posi-
tive PCR results because (i) numerous negative controls were
routinely clean and (ii) the distribution was not random in that
;80% of the samples with discrepant results either were col-
lected on day 1, when the vaccine virus most likely did not have
sufficient time to transit the gut, or were the last specimen(s)
collected in the series and were the specimens most temporally
removed from the day of immunization, when virus titers were
expected to be waning. The few samples from within the mid-
dle of a series with discrepant results were in almost all cases
flanked by samples that were both culture and PCR positive,
indicating that the virus titers in the samples with discrepant
results may have been too low for detection by culture. The
preponderance of samples with discrepant results for PV3 de-
tection most likely reflects a lower replication efficiency of this
vaccine component in the gastrointestinal tract due to inter-
ference by PV1 and PV2, resulting in reduced virus titers that
culture may not have been sensitive enough to pick up. To
minimize the potential for false-positive results by PCR due to
contamination, stool sample preparation, PCR amplification,
and OH detection were performed in separate rooms with
dedicated pipettes with filter-plugged tips and single-use re-

FIG. 2. Recovery of PV2 hybridization signals from inhibitory stool extracts
by decreasing the S2-P probe annealing temperature in the OH assay from 62 to
57°C. Inhibitory undiluted extracts of stool specimens from OPV vaccinees,
along with extracts that did not interfere with RT-PCR, were amplified, and the
PCR products were detected by the OH assay with the PV2-specific probe S2-P
at 57°C (lanes 1 to 5) and 62°C (lanes 6 to 10). A 30-min autoradiograph is
shown. The PV2 PCR product is indicated by the arrowhead. Lanes 1 and 6,
inhibitory extract of stool from vaccinee M; lanes 2 and 7, inhibitory extract of
stool from vaccinee 34; lanes 3 and 8, noninhibitory extract of stool from vaccinee
W; lanes 4 and 9, inhibitory extract of stool prepared from prevaccination stool
(day 0) from vaccinee M spiked with Sabin PV1, PV2, and PV3; lanes 5 and 10,
extract prepared from Sabin PV2 spiked in culture medium (no stool).

TABLE 2. Sensitivity of RT-PCR versus that of culture for
PV detection

Titer (TCID50s/ml)a
Culture RT-PCR

TCID50 PV detection TCID50 PV detection

12,500 1,875 1 1,000 1
2,500 375 1 200 1

500 75 1 40 1
100 15 1 8 1
20 3 2 1.6b 1

a Titer represents amount of each serotype per milliliter of sample.
b A value of ,1 TCID50 did not generate a PCR signal.

TABLE 3. Proportion of PV-positive stool specimens from OPV
vaccinees detected by RT-PCR and culture

Virus

No. of specimens positive/no. of specimens
tested (%)

RT-PCR Culture

PV1 131/195 (67.2) 108/195 (55.4)
PV2 161/195 (82.6) 125/195 (64.1)
PV3 105/195 (53.8) 54/195 (27.7)
Negative 20/195 (10.3) 50/195 (25.6)
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agent aliquots. Tissue culture medium-negative controls were
interspersed with stool samples from vaccinees and were pro-
cessed in parallel. Multiple negative controls minus RNA tem-
plate were included in the PCR. On the rare occasion that any
of the negative controls was positive, the analysis was invali-
dated and repeated.

A total of 12, 5, and 8 stool samples were culture positive
and PCR negative for PV1, PV2, and PV3, respectively. Re-
peat testing of the majority of the samples with discrepant
culture-positive and PCR-negative results in tests with a single
Sabin PV serotype primer pair for the maximization of detec-
tion resulted in a negative PCR result. It should be noted that
specimens with discrepant results (culture positive and PCR
negative) were often found to inhibit the RT-PCR.

RT-PCR versus culture analysis of PV shedding in first-dose
OPV recipients. The duration of virus shedding was assessed
by RT-PCR for 20 OPV recipients and by culture for 18 vac-
cinees (samples from 2 subjects were toxic to culture) who
received their first dose of vaccine at the age of 2 months. The
results for two subjects were not included in the analysis be-
cause their prevaccination stool sample (day 0) was positive for
PV of one or more serotypes. In addition, data collected from
seven vaccinees who received their first vaccine dose at 5
months of age were excluded. The results of RT-PCR analysis
of the stool specimen series from 2-month-old vaccinee Z are
presented in Fig. 3 to illustrate a representative virus shedding
profile. The undiluted stool extracts of this series were not
inhibitory. PV1 was shed out to day 7, and a faint signal for
PV1 was detected again at day 28 postvaccination. PV2 was
shed out to day 28, and PV3 was detected only up to day 3
postvaccination.

The shedding of PV by the OPV recipients as assessed by
RT-PCR and culture is summarized in Table 4. The percent-
ages of vaccinees excreting PV1, PV2, and PV3 at day 7 and
PV1 and PV3 at day 28 as determined by RT-PCR and culture
were comparable. In contrast, the percentage of vaccinees
shedding PV2 at day 28 as determined by culture was signifi-
cantly reduced compared to that determined by RT-PCR. As

assessed by the PCR method, PV2 was still being excreted at
day 28 postvaccination by almost all of the vaccinees, and 80%
(four of five) of the vaccinees continued to shed virus at day 56
(data not shown), which was about the time when the infants
were scheduled to receive their second dose of vaccine. De-
tection of PV1 excretion by RT-PCR was more variable, with
some subjects ceasing virus shedding within 1 week of vacci-
nation and others excreting virus anywhere from 1 to 8 weeks
following immunization. Shedding of PV3 was similar to that
of PV1, but the majority of vaccinees ceased shedding of virus
within 1 week postvaccination. The proportions of vaccinees
whose last PV-positive stool specimen as detected by RT-PCR
was collected at day 28 or beyond were 68.8% (11 of 16), 93.8%
(15 of 16), and 43.8% (7 of 16) for PV1, PV2, and PV3,
respectively. The mean durations of PV excretion on the basis
of when the last PV-positive stool sample was detected by
RT-PCR were 24.4, 32.7, and 17.9 days for PV1, PV2, and
PV3, respectively. In contrast, the mean durations of excretion
as detected by culture were 19.3, 20.5, and 13.5 days for PV1,
PV2, and PV3, respectively. In comparison with RT-PCR, the
culture method was deficient in detecting PV2 in many samples
collected at 3 weeks or more following vaccination. The PV
titers per gram of stool derived from culture analysis of the
specimens ranged from 2.57 to 7.0 log10 TCID50s over the
entire sample collection period. There were no differences in
the range of titers of the PV1, PV2, and PV3 serotypes shed in
the stool specimens.

DISCUSSION

In this report, we describe the optimization and implemen-
tation of a multiplex RT-PCR method for the detection and
serotype identification of Sabin vaccine viruses directly from
stool specimens collected from first-dose OPV recipients. The
assay had to be modified from the published format (39, 40) to
improve the sensitivity of detection of virus in clinical stool
specimens which may contain inhibitory substances. We found
that use of a 1:20 dilution of the stool extract consistently
allowed recovery of virus-positive hybridization signals from
inhibitory samples. Optimization of the hybridization condi-
tions revealed that a reduction in the probe annealing temper-
ature, from 62°C as specified by the original assay format to
57°C, enhanced the detection of PV2 in inhibitory stool spec-
imens.

The sensitivity of the optimized RT-PCR assay for PV de-
tection, determined with a virus-spiked medium titration se-
ries, was approximately 1 TCID50 for each serotype, and this
sensitivity was 5- to 10-fold greater than that of isolation by
culture. Evaluation of series of stool specimens from OPV
recipients by RT-PCR and culture resulted in a higher fre-
quency of detection of PV1, PV2, and PV3 by RT-PCR and a

FIG. 3. Duration of PV shedding from an OPV recipient (vaccinee Z). Stool
samples were collected before OPV administration (day 0) and on various days
(days 1, 2, 3, 4, 7, 14, 21, and 28) within 1 month after OPV administration.
Undiluted stool extracts were amplified, and PCR products were detected by OH
assay with either a mixture of all three Sabin serotype-specific 32P-labeled probes
(lanes 1 to 7 and 32) or individual probes S1-P (lanes 8 to 15), S2-P (lanes 16 to
23), and S3-PT (lanes 24 to 31). A 2-h autoradiograph is shown. The PV PCR
products are indicated by arrowheads. Lanes: 1 to 3, PCR-negative controls
minus RNA template; 4, extraction-negative control; 5, sample from day 0, 6,
PCR-positive control; 7, PCR-positive control spiked into an extract of a stool
obtained on day 0; 8, 16, and 24, sample from day 1; 9, 17, and 25, samples from
day 2; 10, 18, and 26, sample from day 3; 11, 19, and 27, sample from day 4; 12,
20, 28, sample from day 7; 13, 21, and 29, sample from day 14; 14, 22, and 30,
sample from day 21; lanes 15, 23, and 31, sample from day 28; 32, extraction-
positive control.

TABLE 4. Proportion of OPV vaccinees shedding PV by RT-PCR
and culture at the indicated day postvaccinationa

Virus

No. of specimens positive for shedding/total no. of specimens
tested (%)

RT-PCR Culture

dpvb 7 dpv 28 dpv 7 dpv 28

PV1 13/20 (65) 11/16 (68.8) 12/17 (70.6) 8/14 (57.1)
PV2 18/20 (90) 14/16 (87.5) 17/17 (100) 4/14 (28.6)
PV3 7/20 (35) 6/16 (37.5) 4/17 (23.5) 4/14 (28.6)

a The proportions of OPV vaccinees shedding PV are the same as the per-
centage PV-positive stool specimens.

b dpv, day postvaccination.

VOL. 37, 1999 RT-PCR DETECTION OF POLIOVIRUS IN STOOL OF VACCINEES 287



lower frequency of virus-negative samples by RT-PCR. It
should be noted that isolation by culture required an initial 1:5
dilution of the filtered, clarified stool suspension to avoid the
culture toxicity associated with some specimens, and use of this
dilution could have contributed to the reduced sensitivity of
the culture method. Additionally, use of a sample volume
greater than 150 ml for evaluation by culture as well as a more
sensitive cell line for PV isolation, such as primary monkey
kidney cells, may have boosted the sensitivity of culture. The
culture method appeared to be biased for the detection of PV1
in stool specimens. This may be due to increased shedding of
virus of this serotype as a result of the titer of the PV1 com-
ponent in the Orimune dose, which is greater than the titers of
the PV2 and PV3 components.

The frequency of PV-positive stool samples by culture (Ta-
ble 4) was compared to that reported in other clinical studies
examining virus shedding in stool specimens from first-dose
recipients of the Orimune vaccine. Cohen-Abbo et al. (6) re-
ported the recovery of PV1, PV2, and PV3 in 30, 45, and 20%
of stool specimens, respectively, collected 1 month postvacci-
nation. Our Vero cell culture method yielded a much higher
frequency of PV1 isolation, but the frequency of PV2 isolation
was reduced. The different cell lines used for PV propagation,
the different virus growth conditions, and the different antisera
used for virus typing may account for the observed discrepan-
cies. A study in the United Kingdom by Ramsay et al. (29)
showed that 49, 48, and 12% of stool specimens collected
weekly for up to 4 weeks postvaccination were positive for
PV1, PV2, and PV3, respectively, whereas the rates of positiv-
ity were 58.3, 66.7, and 30%, respectively, when the stool spec-
imens obtained at days 7, 14, 21, and 28 postvaccination in this
study were examined. However, these results are not compa-
rable because in the study performed in the United Kingdom,
the OPV (manufactured by Wellcome) that was administered
has a formulation different from that of the Orimune vaccine
and has lower potencies of the three Sabin strains per dose
compared to the potencies in the Orimune vaccine used in the
United States. These factors could account for the reduced
level of virus shedding in the stool.

The virus shedding profiles of the vaccinees compiled from
the RT-PCR and culture data were concordant. Discrepancies,
which for the most part were a virus-negative culture result
versus a positive result by PCR, could be attributed to the
enhanced sensitivity of PCR for the detection of all three PV
types in stool specimens. Culture was particularly inefficient for
the isolation of PV3 from samples collected at early times
postvaccination (,1 week). The PV3 component of OPV is not
as effective as the PV1 and PV2 components at inducing se-
roconversion in vaccinees after administration of the first vac-
cine dose (6) due to replication interference by PV1 and PV2,
resulting in reduced levels of shedding of PV3 in stool speci-
mens. The level of reduction of shedding may be such that it is
below the threshold of the sensitivity of detection by culture.
Culture was not efficient in detecting PV2 from samples col-
lected at later times postvaccination ($3 weeks). PV2 repli-
cates best in the gastrointestinal tract and thus elicits a strong
mucosal antibody response. The inability of culture to detect
PV2 at late times postvaccination may be the result of the
presence in the gut of large amounts of neutralized virus (com-
plexed with antibody) that would not be detected by an infec-
tivity assay but that could be detected by PCR.

The RT-PCR assay was optimized to enhance PV detection
in stool samples and was implemented to track virus excretion
in OPV vaccinees enrolled in an ongoing vaccine study. The
RT-PCR assay can yield results in 2 days, whereas culture
results are not available for 1 to 3 weeks. Assay time can be

further reduced to a single day without a significant loss of
sensitivity by omitting the hybridization step and visualizing the
amplified PCR products in ethidium bromide-stained gels.
However, hybridization provides the benefit of detection of PV
in samples containing low virus titers, it can confirm assay
specificity, and it can detect low-level PCR contamination, if it
is present. Another advantage of RT-PCR is that it can be
performed in laboratories without tissue culture capabilities
with minimal expense.

In a move to eliminate the rare cases of polio that result
from OPV, the Advisory Committee on Immunization Prac-
tices of the federal Centers for Disease Control and Prevention
has recommended a change in the polio vaccination schedule
from the current practice of administering OPV only at 2, 4,
and 6 months of age to a sequential schedule of injection of
enhanced-potency inactivated polio vaccine (IPV) at 2 and 4
months followed by the administration of two doses of OPV at
12 to 18 months and 4 to 6 years of age. It is believed that the
immunity acquired from the first two doses of inactivated vac-
cine, which is unlikely to cause paralytic polio, should be suf-
ficient to protect the very small number of children who con-
tract disease from the oral vaccine. The RT-PCR assay could
be used to monitor the impact of the change in the vaccination
schedule on virus shedding. In addition, RT-PCR could be
implemented to evaluate how new OPV formulations, with
changes in the ratio and/or titer of Sabin strains or OPV
produced by an altered manufacturing procedure (change in
cell substrate), affect PV excretion in the stools of vaccinees.
Mallet et al. (21) recently reported on the use of a type-specific
nested PCR assay to assess the shedding of Sabin strains in
stools from vaccinees who were administered OPV prepared in
either primary monkey kidney or Vero cells to appraise the
bioequivalence of these two vaccines.

The RT-PCR assay can be modified further to evaluate the
frequency of 59 NCR revertants directly in the stools of chil-
dren immunized with a mixed IPV-OPV schedule. A study
involving the Orimune vaccine reported an increased fre-
quency of occurrence of PV revertants and an increased du-
ration of virus excretion in the stools of vaccinees who were
immunized with IPV followed by OPV compared to those in
the stools of control vaccinees who were immunized only with
OPV (3, 25). The concern is the possibility of an increased risk
of VAPP in vaccinees and unimmunized contacts by transmis-
sion of viruses with an enhanced neurovirulence potential. To
assess revertant frequencies, it is preferable to assay the virus
composition in stools by a direct method without culture am-
plification that could affect the proportion of detectable rever-
tants, leading to a biased result. Analysis of mutants by PCR
and restriction enzyme cleavage has been described to quantify
reverted virus in monovalent Sabin vaccine (5), but this tech-
nique is not applicable for use with stool samples from indi-
viduals immunized with a trivalent vaccine. It may be possible
to capture a specific virus type or RNA from clinical samples
via serotype-specific antibodies or oligonucleotide probes by a
magnetic bead approach and use the selected material for
analysis of mutants by PCR and restriction enzyme cleavage or
a similar site-specific PCR analysis. It should be noted that
PCR, unlike culture, cannot distinguish live infectious virus
and inactivated virus (neutralized with antibody). Therefore,
the clinical relevance of the revertant population as deter-
mined by PCR is a point of concern. In order to correlate
revertants shed in stools with virus transmission and associated
disease, it is important to demonstrate that the virus being
detected consists of live replicating particles.

The exquisite sensitivity and specificity of the RT-PCR
method for the detection of PV in stool specimens described
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here coupled with a rapid assay time underscore its utility for
the assessment of the impact of the recent change in the U.S.
polio vaccination schedule on virus excretion and reversion.
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